INTRODUCTION
Misfolded proteins resulting from genetic mutations, defective protein maturation, or environmental stress are primarily polyubiquitinated and degraded by the proteasome system. When proteasome activity becomes inadequate, misfolded proteins accumulate and form toxic aggregates (Tran and Miller, 1999) . Aggregated proteins cannot be properly unfolded to pass through the proteolytic barrel of the proteasome and can, in fact, inhibit proteasome activity. This results in additional buildup and aggregation of misfolded proteins, a pathological feature common in neurodegenerative disease (Bennett et al., 2007; Pandey et al., 2007; Snyder et al., 2003) . Instead, aggregated proteins resistant to proteasomal degradation are processed by autophagy, where they are sequestered by autophagosomes and delivered to lysosomes for clearance (Holmberg et al., 2004; Venkatraman et al., 2004; Webb et al., 2003) . Thus, autophagy acts as a compensatory degradation system when the proteasome system is impaired. How these two complementary degradative systems communicate and coordinate to dispose of toxic protein aggregates remains poorly understood.
Protein aggregates are commonly concentrated by microtubule-dependent dynein motors to a perinuclear inclusion body, the aggresome, before they are processed by autophagy (Kopito, 2000; Yao, 2010) . The formation of aggresomes, which are related to Lewy bodies prevalent in neurodegenerative disease, is proposed to facilitate the autophagic clearance of toxic protein aggregates at the microtubule organizing center (MTOC), where autophagosomes and lysosomes are concentrated (Iwata et al., 2005; Lee et al., 2010; McNaught et al., 2001 ). Curiously, despite their inability to degrade protein aggregates, proteasomes are also accumulated at aggresomes and Lewy bodies (McNaught et al., 2002; Wigley et al., 1999) . Whether these inclusion-body-associated proteasomes have any function is not known. However, the apparent convergence of autophagy and proteasomes at these unique inclusion bodies raises an intriguing possibility of a functional interaction of these two degradative systems.
Aggresome formation requires several ubiquitin-binding proteins (reviewed in Yao, 2010) . In this ubiquitin-dependent machinery, the protein deacetylase HDAC6 plays a central role by regulating both the concentration and autophagic clearance of protein aggregates (Iwata et al., 2005; Kawaguchi et al., 2003; Lee et al., 2010) . In a Drosophila model, transgenic expression of HDAC6 suppresses toxicity caused by proteasome deficiency, suggesting that HDAC6 is involved in the compensatory autophagy when proteasomes are impaired (Pandey et al., 2007) . How HDAC6 might connect the proteasome and autophagy machinery is not known. Interestingly, HDAC6 contains the BUZ finger, an unusual ubiquitin binding domain that is required for association with and clearance of ubiquitinated protein aggregates (Kawaguchi et al., 2003; Lee et al., 2010) . Structural determination revealed that the BUZ finger binds to ubiquitin at its C-terminal Gly-Gly residues, unlike most other ubiquitin binding domains, which interact with the hydrophobic core (Ouyang et al., 2012; Pai et al., 2007) . This structural feature indicates that HDAC6 specifically binds free ubiquitin chains but does not bind ubiquitinated proteins, raising the interesting possibility that unanchored ubiquitin chains could regulate HDAC6-dependent ubiquitinated protein aggregate processing.
In this report, we present a surprising finding that the proteasome system is an integral part of the autophagy-dependent degradative machinery for protein aggregates. We provide evidence that the proteasome, via its deubiquitinating enzyme subunit Poh1, stimulates aggresome clearance by producing unanchored free ubiquitin chains, which bind and activate HDAC6. HDAC6, in turn, induces an actinomyosin system that promotes the deaggregation and autophagic clearance of the aggresome. These findings establish a critical signaling function of inclusion-body-associated proteasomes and identify unanchored ubiquitin chains as the missing link that connects the proteasome and autophagy.
RESULTS

HDAC6 Is Required for Aggresome Disassembly and Clearance
Although aggresome biogenesis has been extensively characterized, how a large inclusion body is processed and becomes accessible for degradation by autophagy remains largely unknown. To investigate how aggresomes are processed, we treated cells with MG132, a proteasome inhibitor that induced aggresome formation in >80% of cells. We then imaged aggresomes at different time points after MG132 was removed. As shown in Figure 1A , 24 hr after MG132 washout, the ubiquitinpositive aggresomes were no longer visible in the majority of cells. Staining for additional markers of protein aggregates, including p62 and a-synuclein, confirmed the loss of aggresomes (Figures S1A and S1B available online). Additional analysis indicated that aggresomes were first broken into several large fragments and then smaller microaggregates before they were eliminated from cells (Figures 1A, S1A, and S1B; 12 hr), suggesting a ''deaggregation'' step that precedes final clearance by autophagy. Indeed, the inhibition of autophagy by 3-methyladenine (3-MA) or bafilomycin A1 (BFA) prevented aggresome clearance and resulted in the accumulation of microaggregates at the perinuclear region ( Figure S1C ).
Interestingly, although HDAC6 was initially concentrated at the aggresome, as previously reported (Kawaguchi et al., 2003) , it was no longer detectable at the ubiquitin-positive structures once aggresomes deaggregated ( Figure 1B ). Given that HDAC6 protein levels remained stable over this time course (data not shown), this finding indicates that HDAC6 dissociates from the aggresome rather than being degraded upon deaggregation. We used Tubastatin A (TBSA), a highly selective HDAC6 inhibitor (Butler et al., 2010) , to probe the potential role of HDAC6 in aggresome processing. As shown in Figure 1C , TBSA treatment completely inhibited the deaggregation and clearance of the aggresome. Aggresome clearance was also significantly inhibited by Trichostatin A (TSA), a pan-HDAC inhibitor that inactivates HDAC6 (Hubbert et al., 2002) , whereas inhibitors targeting other HDAC members (MS275, sodium butyrate) had little effect. Interestingly, TBSA treatment also prevented the dissociation of HDAC6 from protein aggregates ( Figure 1D ), suggesting that HDAC6 is released from protein aggregates after its activation. These results show that HDAC6 activity is required for the disassembly and clearance of the aggresome.
Aggresome Clearance Requires the Proteasomal Deubiquitinating Enzyme Poh1
Using an in vitro binding assay, we confirmed that HDAC6 purified from human embryonic kidney (HEK) 293T cells binds to free ubiquitin chains but does not bind to those conjugated to a protein ( Figure 2A ). This finding led us to investigate whether unanchored ubiquitin chains play a role in aggresome processing. Recently, TRAF6, a ubiquitin E3 ligase, was shown to produce unanchored ubiquitin chains (Xia et al., 2009 ). However, knockdown (KD) of TRAF6 by a specific small interfering RNA (siRNA) did not have an appreciable effect on aggresome clearance (data not shown). In principle, free ubiquitin chains can also be produced by Poh1 (RPN11), a JAMM/MPN + -domain-containing deubiquitinating enzyme that cleaves off ubiquitin chains en bloc from substrates targeted to the proteasome (Verma et al., 2002; Yao and Cohen, 2002) . Poh1 is a subunit of the regulatory 19S proteasome, which, along with the proteolytic core (20S proteasome), are concentrated at the aggresome ( Figure S2A ) (Wigley et al., 1999) . We tested whether Poh1 is required for aggresome clearance by siRNA-mediated KD. KD of Poh1 (by 70%) led to an accumulation of ubiquitinated proteins, which is indicative of impaired proteasome activity ( Figure S2E) ; however, it did not cause aggresome formation in the absence of MG132 (Figure 2B) . Importantly, the inactivation of Poh1 by four different sets of siRNA all dramatically inhibited the deaggregation and clearance of MG132-induced aggresomes ( Figures 2B, S2B , and S2D). In contrast, aggresomes were cleared normally upon KD of Amsh and Brcc36, two related but nonproteasomal JAMM/MPN + deubiquitinating enzymes, or Usp14 and Uch37, proteasomal deubiquitinating enzymes that trim ubiquitin from the distal end ( Figure S3 ). Furthermore, the buildup of aggresomes in Poh1 KD cells was not affected by inhibiting microtubule-dependent delivery of nascent cytoplasmic aggregates to the MTOC by nocodazole during the MG132 washout period ( Figure 2C ). Thus, the aggresome accumulation in Poh1 KD cells is mainly due to a defect in aggresome clearance rather than an increase in aggregate formation. Importantly, the aggresome clearance defect in Poh1 KD cells was effectively reversed by the reintroduction of wild-type (WT), but not a catalytically inactive (H113A/H115A) mutant, Poh1 expressed at the similar level ( Figures 2D and S2F ) (Gallery et al., 2007) . It should be pointed out that Poh1 is a stoichiometric subunit of 19S proteasomes required for proper 26S proteasome assembly and function (Verma et al., 2002) . Given that the Poh1 (H113A/H115A) mutant can fully support proteasome assembly (Verma et al., 2002) , its failure to restore aggresome clearance in Poh1 KD cells indicates that deubiquitinating enzyme activity of Poh1 is required for aggresome clearance.
Poh1
Activates Aggresome Clearance by Producing Unanchored K63 Ubiquitin Chains If Poh1 promotes aggresome processing by producing unanchored ubiquitin chains, then it would be expected that the introduction of exogenous free ubiquitin chains should restore aggresome clearance in Poh1 KD cells. To test this hypothesis, we treated Poh1 KD cells with MG132 in order to induce aggresome formation. After the removal of MG132, we microinjected the cells with either K63-or K48-linked free ubiquitin chains, given that both types of ubiquitination were associated with detergent-insoluble protein aggregates ( Figure S4A ). As a control, we also injected ubiquitinated protein conjugated with K63-linked ubiquitins, which do not bind HDAC6 in vitro (Figure 2A) . As shown in Figure 2E , after 24 hr of washout, noninjected Poh1 KD cells retained aggresomes, as expected (yellow arrowheads). Remarkably, aggresomes arrested in Poh1 KD cells were efficiently cleared after microinjection of K63-linked free ubiquitin chains. In contrast, K48-linked free ubiquitin chains did not promote aggresome clearance. Injection of proteins conjugated with K63-linked ubiquitins also failed to induce aggresome clearance, as was expected. To ensure that aggresome clearance stimulated by K63-linked ubiquitin chains is not an indirect effect of supplying monoubiquitin upon their disassembly, we injected monoubiquitin in Poh1 KD cells. We found that monoubiquitin injection modestly increased aggresome clearance, although this activity was much weaker than that of (B) A549 cells were transfected with control or Poh1-specific siRNA and treated with MG132 (5 mM, 24 hr) in order to induce aggresome or followed by MG132 washout as indicated. Aggresomes (marked by arrows) were detected and quantified as described in Figure 1A . Values represent the mean ± SEM (n = 3). (C) Poh1 knockdown (KD) cells were treated with MG132 to induce aggresomes, and MG132 washout was performed in the presence of DMSO or 2.5 mM of nocodazole (Noc.) for 24 hr. Cells containing aggresomes were quantified and averaged from three independent experiments in the histogram. Note that nocodazole treatment disrupted microtubule networks (a-tubulin, green) but had no effect on aggresome clearance. (D) A549 cells stably expressing shRNA-resistant wild-type (WT) or catalytically inactive (CI) H113/115A mutant Poh1 were infected with Poh1-shRNA lentivirus. The percentage of cells containing an aggresome after MG132 washout was analyzed and quantified as described in (B). (E) Poh1 KD cells were pretreated with MG132 to induce aggresome formation. Cells were microinjected with indicated ubiquitin species or BSA mixed with fluorescence-conjugated dextran 3 hr after MG132 was removed. The presence of aggresomes was analyzed 21 hr postinjection. Injected cells were identified by dextran (green, top) and marked by white dotted lines (bottom). Aggresomes were identified by staining with an antibody specific for K48-linked ubiquitin (red, clone Apu2) and marked by white arrowheads in injected cells. Note that only Poh1 KD cells injected with the K63-linked ubiquitin chains do not contain aggresomes. Noninjected cells retained aggresomes under all conditions (yellow arrowheads) and served as an internal control. Right, the quantification from three independent experiments. In each experiment, 50 to 100 injected cells were scored. p value is indicated in the figure. Error bars indicate ± SEM. (F) Control and Poh1 KD A549 cells were treated with 5 mM MG132 for 24 hr or with MG132 followed by 24 hr washout in the presence or absence of 10 mM 3-MA, as indicated. Detergent-insoluble fractions were isolated from whole-cell lysates and resolved by SDS-PAGE followed by immunoblotting with a K48-or K63-specific ubiquitin antibodies, as indicated. Actin was used as a loading control. See also Figures S2, S3 , S4, and S8.
K63-linked ubiquitin chains ( Figure 2E ). These results support the conclusion that Poh1 promotes aggresome clearance primarily by producing specific unanchored ubiquitin chains. Both K63-and K48-linked ubiquitin chains associated with protein aggregates were markedly reduced after MG132 washout, which was concomitant with aggresome clearance ( Figure 2F , compare lanes 1 and 2). We reasoned that, if Poh1 cleaves K63-linked ubiquitin chains in order to activate autophagic aggresome clearance, then the decrease in K63-linked ubiquitins on protein aggregates would depend on Poh1 and not autophagy. Indeed, the loss of K63-linked ubiquitination was inhibited by Poh1 KD, but not by the autophagy inhibitor 3-MA ( Figure 2F , top, and Figure S4B ). In contrast, the loss of K48-linked ubiquitins was largely suppressed by 3-MA, indicating that they were degraded along with protein aggregates by autophagy ( Figure 2F , bottom, and Figure S4B ). Supporting this proposition, K48-linked ubiquitins were retained in Poh1 KD cells, which are defective in aggregate clearance ( Figure 2F , bottom, lanes 4-6). Altogether, these findings indicate that Poh1 cleaves K63-linked ubiquitin chains from protein aggregates prior to their autophagic degradation.
Unanchored Ubiquitin Chains Bind and Activate HDAC6 Activity Similar to the effect of TBSA, HDAC6 did not dissociate from aggresomes in Poh1 KD cells after MG132 washout, suggesting that Poh1 is required for HDAC6 activation ( Figure 3A) . Given that HDAC6 binds unanchored ubiquitin chains in vitro (Figure 2A) , we investigated whether HDAC6 is a regulatory target of Poh1. We first ascertained whether HDAC6 binds endogenous free ubiquitin chains during aggresome clearance. We modified a binding assay that takes advantage of two unique properties of free ubiquitin chains (Zeng et al., 2010) ; resistance to heat and sensitivity to isopeptidase T (IsoT), which digests unanchored polyubiquitination chains by binding to the C-terminal tail of the ubiquitin (Reyes-Turcu et al., 2006) . As shown in Figure 3B , the immunoprecipitation of HDAC6 indeed pulled down heatresistant and IsoT-sensitive ubiquitin species, which are particularly prominent after MG132 washout ( Figures 3B and S5 , compare groups 1 and 3). Most importantly, the free ubiquitin chains associated with HDAC6 were greatly diminished in Poh1 KD cells ( Figure 3C ), indicating that Poh1 is required for the production of free ubiquitin chains bound by HDAC6. Because Poh1-dependent aggresome clearance specifically involves the generation of K63-linked ubiquitin chains ( Figures  2E-2F) , we investigated the nature of HDAC6-associated unanchored ubiquitin chains by linkage-specific ubiquitin antibodies. As shown in Figure 3D , unanchored ubiquitin chains pulled down by HDAC6 were positive for the K63, but not the K48, linkage. These findings support the idea that HDAC6 binds K63-linkage-containing free ubiquitin chains produced by Poh1 during aggresome clearance.
Next, we investigated whether ubiquitin chain binding affects HDAC6 activity. To generate a ubiquitin-chain-binding-deficient (B) FLAG-HDAC6 was immunoprecipitated under the following conditions: (1) no treatment, (2) 5 mM MG132 for 24 hr, (3) 12 hr MG132 washout, and (4) 24 hr MG132 washout. The immune complexes were subjected to heating, and the eluates were treated with isopeptidase T (IsoT) as indicated (see the Experimental Procedures for details). Samples were analyzed by immunoblotting with antibodies for ubiquitin or HDAC6. Note that MG132 washout (condition 2 versus 3) led to a decrease in total ubiquitinated protein levels in whole-cell lysate (WCL) but an increase in HDAC6-associated free ubiquitin chains. (C) Free ubiquitin chains associated with HDAC6 in WT and Poh1 KD cells were assessed 12 hr after MG132 washout. Note that Poh1 KD led to the accumulation of total ubiquitinated proteins (left) but a reduction of HDAC6-associated unanchored ubiquitin chains (right). (D) Free ubiquitin chains released from HDAC6-IP components were sequentially immunoblotted with a pan-ubiquitin antibody (pan-ub), K63-specific ubiquitin antibody (K63-ub), and K48-specific ubiquitin antibody (K48-ub). Recombinant K63-or K48-linked polyubiquitin chains were loaded onto the same gel in order to validate the specificity of linkage-specific ubiquitin antibodies. See also Figure S5 . mutant of HDAC6, we mutated several residues in the BUZ finger that were predicted to make contacts with ubiquitin (Ouyang et al., 2012) . As shown in Figure 4A , the W1182A point mutation markedly disrupted the ability of HDAC6 to bind free ubiquitin chains ( Figure 4A , lane 6). We then asked whether the W1182A mutant could restore protein aggregate clearance in HDAC6 knockout (KO) mouse embryonic fibroblasts (MEFs) by a filter trap assay (Lee et al., 2010) . As shown in Figure 4B , HDAC6 KO MEFs reconstituted with the HDAC6-W1182A mutant, in contrast to those with WT HDAC6, failed to suppress the accumulation of ubiquitinated protein aggregates. This result indicates that the binding of free ubiquitin chains is important for HDAC6 to promote protein aggregate clearance. Interestingly, the level of acetylated tubulin, a key substrate of HDAC6 (Hubbert et al., 2002) , was comparable between the HDAC6-W1182A mutant and WT HDAC6 reconstituted KO MEFs (Figure S6A) . Thus, microtubule deacetylation and protein aggregate clearance can be functionally uncoupled. Consistent with this observation, the disruption of the microtubule network by nocodazole, which prevents aggresome formation (Johnston et al., 1998) , had little effect on aggresome clearance ( Figure S6B ).
In addition to microtubules, HDAC6 also regulates the actin cytoskeleton (Gao et al., 2007; Zhang et al., 2007) . HDAC6 promotes autophagy-dependent protein aggregate clearance, at least in part, by deacetylating and activating cortactin, an accessory factor for actin polymerization (Lee et al., 2010) . Therefore, KO, and KO MEFs stably expressing human WT HDAC6 or W1182A mutant subject to 24 hr MG132 washout. The relative ubiquitin signal intensity was quantified and is presented in parenthesis under each genotype where HDAC6 KO MEFs was set at 100. Bottom, whole-cell extracts from indicated cell lines were immunoblotted with antibodies for human HDAC6 (hHDAC6), mouse HDAC6 (mHDAC6), and actin. (C) Cortactin, the acetyltransferase CBP, and WT or HDAC6 mutant plasmids were cotransfected into HEK 293T cells as indicated. Cortactin was immunoprecipitated and immunoblotted with an antibody for acetylated (Ac) cortactin or total cortactin. The relative cortactin-acetylation level (Ac-cortactin/cortactin) was quantified by scanning densitometry and is presented in the right panel. Error bars indicate ± SD (n = 3). The statistical significance was assessed with two-way ANOVA analysis with Dunnett's test. *p < 0.05. See also Figure S6. we investigated whether free ubiquitin chain binding modulates HDAC6 deacetylase activity toward cortactin. As shown in Figure 4C , the ubiquitin-binding deficient W1182A-HDAC6 mutant is less efficient at promoting cortactin deacetylation than WT HDAC6 in cells ( Figure 4C, compare lanes 3 and 4) . In contrast, the W1143A HDAC6 mutant, which retains significant ubiquitin-binding activity ( Figure 4A , lane 10), possesses a near-WT cortactin deacetylase activity ( Figure 4C, lane 6) . Altogether, these results indicate that full HDAC6 deacetylase activity toward cortactin requires the binding of free ubiquitin chains.
Poh1 and HDAC6 Promote the Deaggregation and Clearance of Aggresomes via an Actinomyosin System
We have previously reported that HDAC6 promotes the formation of a cortactin-dependent actin network around the aggresome (Lee et al., 2010) . Indeed, both TBSA and cortactin siRNA treatment inhibited F-actin network formation at the aggresome ( Figure 5A ). Importantly, Poh1 KD also suppressed these F-actin structures, phenocopying HDAC6 inactivation ( Figure 5A ). These results support a model wherein Poh1 activates HDAC6-and cortactin-dependent F-actin remodeling required for aggresome clearance. During aggresome deaggregation, the F-actin network appeared to become interspersed among the protein aggregates ( Figure 5B ), raising the possibility that local actin cytoskeleton-dependent forces might be involved in the disassembly of the aggresome. Type II nonmuscle myosin 9 (IIA) and 10 (IIB) are the main motors associated with the actin cytoskeleton (Vicente-Manzanares et al., 2009). We investigated whether these actin-dependent motors are involved in aggresome clearance by siRNA-mediated knockdown. As shown in Figures 5C and S7A , KD of myosin 10, but not myosin 9, dramatically inhibited aggresome deaggregation and clearance. Importantly, in contrast to Poh1 KD cells, aggresomes accumulated in myosin 10 KD cells are largely devoid of HDAC6 after MG132 washout. Similarly, HDAC6 was not retained on aggresomes in cortactin KD cells ( Figure 5D ). Collectively, these results are consistent with a model wherein HDAC6 acts as an effector downstream to Poh1 but upstream to the actinomyosin system. We conclude that proteasome-associated Poh1 activates HDAC6-dependent actinomyosin machinery in order to facilitate the deaggregation and clearance of the aggresome.
DISCUSSION
The paradoxical presence of proteasomes at the aggresome and pathological inclusion bodies has long been a mystery (McNaught et al., 2002; Wigley et al., 1999) . In this report, we provided evidence that the proteasome system actively promotes deaggregation and autophagy-dependent clearance of aggresome by producing unanchored ubiquitin chains. Our findings have uncovered a critical function of inclusion-body-associated proteasomes and identified unanchored ubiquitin chains as signaling molecules that connect and coordinate the proteasome and autophagy in order to eliminate toxic protein aggregates.
Our studies identified the proteasomal deubiquitinating enzyme Poh1 as a critical factor that controls the disassembly and degradation of the aggresome. In Poh1-deficient cells, aggresome clearance failed ( Figure 2B ). Although Poh1 is best characterized for its essential role in 26S proteasome-dependent proteolysis, several lines of evidence indicate that Poh1 mainly activates aggresome clearance by producing free K63 ubiquitin chains. First, although Poh1 inactivation most likely affects multiple biological processes, microinjection of unanchored K63-linked chains was sufficient to restore aggresome clearance in Poh1-deficient cells. These results indicate that the production of unanchored K63-linked chains is key to Poh1-dependent aggresome clearance ( Figure 2E ). Second, proteasomal Poh1 possesses a K63-specific deubiquitinating enzyme activity (Cooper et al., 2009 ) that is required for activating aggresome clearance ( Figure 2D ). Poh1 can cleave K63, but not K48, linkage within a ubiquitin chain containing both K63 and K48 linkages (Cooper et al., 2009 ). This unique endoprotease activity, in principle, could allow Poh1 to specifically cleave and release free K63-linked ubiquitin chains from protein aggregates, which are modified by both K48-and K63-linked ubiquitin chains ( Figure S4A ). Importantly, during aggresome clearance, protein aggregates indeed undergo Poh1-dependent K63 deubiquitination ( Figure 2F ), a process that could generate free ubiquitin chains. Lastly, consistent with this proposition, during aggresome clearance, HDAC6 becomes associated with and activated by K63-linkage-containing free ubiquitin chains, whose production depends upon Poh1 (Figures 3B-3D ). Although these data do not exclude the involvement of the canonical proteasomal function of Poh1, collectively, they strongly indicate that the production of unanchored ubiquitin chains is the main function of proteasomal Poh1 in promoting aggresome clearance. In this context, the proteasome does not function as classical proteolytic machinery; rather, it acts as a signaling complex that produces unanchored ubiquitin chains with regulatory activities.
We have identified HDAC6, a critical component of quality control autophagy that degrades protein aggregates (Lee et al., 2010) , as a key regulatory effector of Poh1-generated ubiquitin chains. HDAC6 binds unanchored K63-linked ubiquitin chains during aggresome clearance in WT, but not Poh1-deficient, cells ( Figure 3B-3D ). HDAC6 mutant with defective ubiquitin chain binding showed reduced activity in aggregate clearance and cortactin deacetylation, suggesting that binding to free ubiquitin chains stimulates HDAC6 activity (Figure 4) . The regulation of HDAC6 by unanchored ubiquitin chains provides a simple model explaining how proteasomes might communicate with autophagy machinery. We propose that proteasomal Poh1 serves to stimulate compensatory autophagy activity via HDAC6 when the proteasome activity is no longer adequate and challenged by protein aggregates. Indeed, Poh1 deficiency, similar to HDAC6 inhibition, leads to defects in aggresome deaggregation and clearance (Figure 2 ) as well as autophagy maturation (Figure S8) . Interestingly, HDAC6 is also known to associate with another deubiquitinating enzyme, ataxin 3. Evidence suggests that ataxin 3 recruits HDAC6 to protein aggregates in order to facilitate aggresome formation (Burnett and Pittman, 2005; Ouyang et al., 2012) . Indeed, in ataxin 3-deficient cells, HDAC6 no longer associates with ubiquitinated protein aggregates ( Figure S7B ). Thus, HDAC6 appears to pair with two different deubiquitinating enzymes to control aggresome formation and clearance, respectively. Whether ataxin 3 produces unanchored ubiquitin chains and activates HDAC6 remains to be tested.
Unanchored ubiquitin chains were recently identified as key mediators that activate RIG-1 and TAK1 in response to cytokines (Xia et al., 2009; Zeng et al., 2010) . The critical role of unanchored ubiquitin chains in aggresome clearance suggests that these unique ubiquitin species most likely have a much broader regulatory function. Our data support K63-linked ubiquitin chains as the key mediators in activating HDAC6 and aggresome clearance, although the involvement of other ubiquitin linkages cannot be excluded. We do not know how the binding of K63-linked or other ubiquitin chains modulates HDAC6 activity. Structural study of HDAC6 with different ubiquitin chains would be needed in order to answer this question. Additional studies would also be required in order to determine whether the length of the ubiquitin chain is critical. It is worth noting that ubiquitin chains with different linkages show differential activities in activating RIG-1 and TAK1 (Xia et al., 2009; Zeng et al., 2010) . Thus, unanchored ubiquitin chains with different linkages could have distinct regulatory activities.
The unique dependence on K63-linked ubiquitin chains in aggresome clearance is intriguing because this modification is not normally linked to proteasome-mediated degradation. However, we found that MG132 treatment led to a dramatic increase in K63-linked ubiquitination associated with protein aggregates ( Figure S4A ). Thus, protein aggregates are most likely tagged by mixed ubiquitin chains of both K48 and K63 linkage. These observations are of potential significance, given that JAMM/ MPN + -containing deubiquitinating enzymes, including Poh1, can cleave K63-but not K-48-linked ubiquitin chains in vitro (Cooper et al., 2009) . We speculate that the addition of K63-linked ubiquitin chains to aggregated proteins creates substrates for Poh1, which subsequently cleaves and produces unanchored K63-linked ubiquitin chains that activate HDAC6 and autophagic-dependent aggresome clearance. Thus, ubiquitins associated with protein aggregates are not simply leftover marks on the misfolded proteins originally tagged for proteasomal degradation; rather, they might constitute a ubiquitin code for aggresome-associated autophagy. Identifying the ligase responsible for K63-linked ubiquitination on protein aggregates and determining how Poh1 activity is regulated toward these unusual substrates are two critical issues to be addressed in the future.
It is widely assumed that inclusion bodies arise in neurodegenerative disease because of an impaired proteasomal system that fails to degrade misfolded proteins. Our study suggests that proteasome deficiency could also cause a failure to process and remove inclusion bodies. This dual mechanism could explain the prevalence of inclusion bodies in Parkinson's disease, where proteasome deficiency has been documented (McNaught et al., 2001 ). Our study also shows that exogenous free ubiquitin chains can stimulate aggresome clearance in Poh1-deficient cells. The possibility that free ubiquitin chain mimetics might activate inclusion body clearance offers a potential therapeutic solution for neurodegenerative disease.
EXPERIMENTAL PROCEDURES
Cell Fractionation Cells were lysed in Triton buffer containing 50 mM Tris-Cl (pH 7.4), 150 mM NaCl, 1% [v/v] Triton X-100, 1 mM EDTA, 1 mM dithiothreitol (DTT), 1 mM Na 3 VO 4 , 0.1 mM NaF, and a cocktail of protease inhibitors by mixing for 20 min at 4 C. Lysates were centrifuged at 12,000 3 g for 30 min. The supernatants were used as detergent-soluble fractions. The pellets were suspended in a buffer containing 50 mM Tris-Cl (pH 7.4) plus 2% SDS, sonicated briefly, and analyzed as detergent-insoluble fractions.
Immunofluorescence and F-Actin Staining Cells cultured on glass coverslips were fixed with 4% paraformaldehyde, permeabilized with 0.2% [v/v] Triton X-100 in PBS, blocked with 5% BSA in PBS containing 0.1% Triton X-100, and incubated with antibodies as described previously (Kawaguchi et al., 2003) . F-actin staining was performed by incubating cells with Rhodamine-conjugated Phalloidin in PBS for 30 min (Gao et al., 2007) . Images were taken with a Leica SP5 confocal microscope.
Microinjection
Microinjection was performed on an Olympus IX-70 inverted microscope equipped with an Eppendorf FemtoJet and TransferMan NK2 microinjection system. A549 cells transfected with Poh1 siRNA were cultured on poly-Llysine-coated glass coverslips and treated with 5 mM MG132 for 24 hr followed by 3 hr of MG132-free fresh medium prior to the injection. PBS solution containing 2 mg/ml of BSA control, K63-linked polyubiquitin chains, K63-ubiquitinylated protein, or K48-linked polyubiquitin chains was microinjected into the cytoplasm with holding pressure. About 0.2 pg proteins were injected per cell. Injected cells were incubated in fresh full-growth medium at 37 C for another 21 hr before analysis. In each experiment, 70 to 100 cells were injected with three independent experiments.
Detection of HDAC6-Associated Free Ubiquitin Chains
The method to detect endogenous unanchored ubiquitin chains is modified from a previous report (Zeng et al., 2010) . A549 cells stably expressing FLAG-HDAC6 were cultured in 15 cm dishes and treated under different conditions. Cellular confluence was allowed to reach 85% prior to collection. The cells were lysed in NETN lysis buffer (170 mM NaCl, 20 mM Tris-Cl [pH 8.0], 0.5 mM EDTA, 0.5% [v/v] NP-40, 1 mM Na 3 VO 4 , and 0.1 mM NaF) supplemented with 10 mM NEM, 20 mM MG132, protease inhibitor cocktail, and a phosphatase inhibitor cocktail (Sigma-Aldrich). After centrifugation at 16,000 3 g for 15 min, 5 mM DTT was added to the supernatant in order to quench the NEM. FLAG-HDAC6 and associated proteins were isolated with anti-FLAG M2 agarose (Sigma-Aldrich). The beads were washed three times with NETN buffer and incubated in 40 ml Buffer F (20 mM HEPES-KOH [pH 7.0], 10% [v/v] glycerol, and 0.02% [w/v] CHAPS) at 77 C for 5 min. After centrifugation at 11,000 3 g for 10 min, the supernatant was incubated with or without 100 nM IsoT at 30 C for 30 min, resolved on a 4%-20% gradient SDS-PAGE, transferred to nitrocellulose membranes, and probed with an ubiquitin antibody. The quantification of the relative ubiquitin signal was obtained by scanning blot densitometry. To identify the linkage of HDAC6-bound ubiquitin chains, we collected four 15 cm dishes of A549-FLAG-HDAC6 cells were after 12 hr MG132 washout and analyzed as described above with a few changes. The washed beads were incubated in 160 ml Buffer G (20 mM HEPES-KOH [pH 7.0], 2% [v/v] glycerol, and 0.02% [w/v] CHAPS) at 75 C for 5 min to release unanchored ubiquitin chains. After centrifugation, 120 ml of supernatant was collected and lyophilized to 15 ml followed by immunoblotting. 
